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Understanding the mechanisms by which aphids survive low temperature is fundamental in forecasting
the risk of pest outbreaks. Aphids are chill susceptible and die at a temperature close to that at which a
small exothermal event is produced. This event, which can be identified using differential scanning
calorimetry (DSC), normally occurs at a higher temperature than the supercooling point (SCP) and has
been termed a pre-freeze event (PFE). However, it is not known what causes the PFE or whether it
signifies the death of the aphid. These questions are addressed here by using a sensitive DSC to quantify
the PFE and SCP and to relate these thermal events to the lower lethal temperature (LT50) of sub-
Antarctic aphids acclimated to low temperatures. PFEs were observed in each of the 3 species of aphids
examined. They occurred over a narrower temperature range and at a higher temperature range than
the SCP (8.2 to 13.8 and 5.6 to 29.8 1C, respectively). Increased acclimation temperature
resulted in increased SCPs in Myzus ascalonicus but not in Rhopalosiphum padi. The LT50 reduced by
approximately 1 1C from 9.3 to 10.5 1C with reduced acclimation temperature (10–0 1C). The LT50
was close to the temperature at which the PFE occurred but statistically significantly higher than either
the PFE or the SCP. In the majority of cases the PFE exotherm occurred well before the main exotherm
produced by the bulk of the insect’s body water freezing (SCP). However, in a few cases it occurred at
the same temperature or before the super-cooling point making the term, pre-freeze event (PFE), rather
misleading. The possible origins of the PFE are discussed.
& 2010 Elsevier Ltd. All rights reserved.1. Introduction
Research into the cold tolerance of insects originates from
studies on the overwinter survival of crop pest species due to
their economic importance (Salt, 1933; Manson, 1943). From
these early beginnings insects were categorised as being either
freeze-avoiding or freeze-tolerant based simply on whether they
could survive freezing of their body fluids. Freeze-avoiding insects
reduce the temperature at which they freeze to as low as 30 1C
and survive in a supercooled state. This is achieved by the
accumulation of cryoprotectants and the removal of ice nucleators
from their bodies. In contrast, freeze-tolerant insects generally
freeze at relatively high sub-zero temperatures, ice being seeded
(nucleated) in extracellular fluids. By seeding the formation of ice
in such areas insects have a degree of control over when, where
and how ice propagates around the body (Zachariassen and
Hammel, 1976). In this way they are able to avoid intracellular ice
formation which is always lethal in insects. Over the past 20 yearsll rights reserved.
x: +44 1223 221259.
orland).the classification of insect cold tolerance has expanded to take
into account more recent discoveries (Denlinger and Lee, 2010),
including the recognition that some insects with low freezing
points die before they freeze. Such insects have been classified as
chill-susceptible or chill-tolerant (Bale, 1993). Chill-susceptible
species can survive a few degrees below the threshold required
for growth and reproduction but die after exposure to sub-zero
temperatures, which can be well above their freezing or super-
cooling point (SCP). Chill-tolerant species likewise may die if
exposed to sub-zero temperatures above their SCP, but can
withstand a greater exposure to sub-zero temperatures than chill-
susceptible species. Some chill-susceptible species die at a specific
temperature above the SCP while others are killed by the
accumulative effect of longer periods at a low temperature. This
phenomenon is known as pre-freeze mortality (see reviews in Lee
and Denlinger (2010)).
Several species of aphids have been shown to be chill-
susceptible (Knight and Bale, 1986). Adults of the grain aphid,
Sitobion avenae (Fabricius) have a SCP of approximately 24 1C,
yet when cooled at 1 1C min1, mortality starts to be seen at
5 1C, with a lethal temperature of 50% of the sample (LT50) of
8.1 1C and no survival below 15 1C. More detailed studies of
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differential scanning calorimetry (DSC) revealed a small exotherm
at a temperature close to the LT50 (Knight and Bale, 1986). This
exotherm is very small by comparison with the main exotherm
produced when the bulk of the animal’s body water freezes and
was originally termed a pre-freeze event (PFE) because it occurred
at a higher temperature than the SCP. Similar results were
obtained for the lupin aphid Macrosiphum albifrons (Essig) (Knight
and Bale, 1986). A further study by Clough and Bale (1987)
investigated the effect of rearing temperature (5, 10 and 15 1C) on
pre-freeze mortality in the peach potato aphid Myzus persicae
(Sulzer). This species also produced a small pre-freeze exotherm
close to the LT50 but with two distinct peaks. Aphids reared at 0 1C
showed a slight decrease in temperature (approximately 1–2 1C)
in the key features of the pre-freeze exotherms (peak start and
finish) compared to those reared at 5 and 10 1C. However, the
authors of this study concluded that because some aphids were
able to survive temperatures below the very clearly defined
temperature at which the pre-freeze exotherm occurred, pre-
freeze mortality was not necessarily due to this thermal event.
Since these studies in the 1980s there have been no other
reports of pre-freeze exotherms in any other species even though
investigations into insect cold tolerance, including measurements
of SCPs are prevalent. This paper describes a detailed study using
a sensitive DSC to investigate the effect of acclimation tempera-
ture on pre-freeze mortality in three species of aphid from sub-
Antarctic Marion Island (461540S, 371450E). The aims of the study
are to investigate the nature of pre-freeze mortality in aphids
inhabiting a comparatively harsh environment and determine
whether low temperature mortality can be attributed to any pre-
freeze thermal event.2. Materials and methods
The life cycle of aphids can be complex and varies between
species. They can overwinter either as eggs, which undergo
diapause and are extremely cold-tolerant (Strathdee et al., 1995),
or as nymphs and adults, which are less tolerant to low
temperature but have the advantage of being able to develop
and reproduce more rapidly when conditions become favourable
in early spring. Some species of aphids (e.g. M. persicae) employ a
mixed strategy producing both holocyclic (sexual, egg producing)
and anholocyclic clones in the autumn. This adaptation has
advantages in regions where winters are generally mild but where
unpredictable cold spells may occur. More severe climates select
for sexual reproduction resulting in a decrease in obligate
parthenogenesis towards extreme latitudes. (Vorburger, 2004).
Although four species of aphids were originally recorded on
Marion Island by Dreux (1971), only three (Rhopalosiphum padi
(Linnaeus, 1758), Macrosiphum euphorbiae (Thomas, 1878) and
Myzus ascalonicus (Doncaster, 1946)) were recorded by Crafford
et al. (1986). All have a semi-cosmopolitan distribution and are
thought to have been anthropogenically introduced to the island
with fresh produce. They are now widely distributed on Marion
Island (Hänel et al., 1998; Lee et al., 2007) and considered to be
naturalised aliens (Crafford et al., 1986). Aphids have also been
recorded on other Southern Ocean islands including Gough,
Macquarie and Kerguelen (Jones et al., 2003; Greenslade, 2006;
Hullé et al., 2003).
The three species of aphids investigated here are all of
economic importance causing damage to crops world-wide. The
summer stages of R. padi, the bird cherry-oat aphid, are a severe
pest of cereals in Scandinavia and northern Europe and can
transmit barley yellow dwarf virus in the UK (Leather et al., 1993).
In temperate regions adults of this species feed on grasses duringthe summer but enter a holocyclic life cycle in the autumn when
winged morphs fly to their winter host plant, the bird cherry tree
(Prunus padus) where they produce overwintering eggs (Strathdee
et al., 1995). As there are no bird cherry trees on Marion Island,
only anholocyclic clones are produced. Adults feed mainly on Poa
cookii (Poaceae), but may also be found on Poa annua. Recently,
the parasitoid Aphidius matricariae was inadvertently introduced
to Marion Island where it utilizes this species as its sole host
(Crafford et al., 1986; Lee et al., 2007). M. euphorbiae, the Potato
Aphid, primarily feeds on members of the rose family (Blackman
and Eastop, 1984) and is a holocyclic species which may also have
anholocyclic forms. On Marion Island it is anholocyclic and both
winged and unwinged forms are found, typically on Acaena
magellanica (Rosaceae), but also on Cotula plumosa (Asteraceae)
(Crafford et al., 1986; Abraham, 2006). M. ascalonicus, the shallot
aphid, is an anholocyclic species. On Marion Island its major hosts
are A. magellanica and C. plumosa (Crafford et al., 1986; Abraham,
2006).
2.1. Collection of aphids
Aphids were removed from cut stems of host plants using a
fine paintbrush within 2–8 h of collection or after a specific period
of temperature acclimation. Aphid species were specific to
particular host plants which aided collecting and sorting. R. padi
was collected from P. cookii and C. plumosa sampled from Trypot
Beach (S461 53.136, E371 52.100). M. ascalonicus was collected
from A. magellanica leaves on plants close to Junior’s Kop (S461
52.717, E371 50.214). Although M. euphorbiae is comparatively
rare on the island, it was found on both A. magellanica and the
Kerguelen cabbage (Pringlea antiscorbutica) from a site close to
Junior’s Kop. All experiments were conducted during April 2008
on sub-Antarctic Marion Island (Fig. 1).
2.2. Acclimation
Cut stems of P. cookii and A. magellanica hosting R. padi and
M. ascalonicus, respectively, were placed in beakers of water and
loosely covered with transparent polythene bags to prevent
leaves from drying and to retain the aphids on the plant material.
This material was acclimated in temperature-controlled cabinets
(Labcon, Johannesburg, South Africa), with 12 h lighting at 0, 5, 10
or 15 1C for 10 days. The cabinets typically maintain temperatures
within 0.5 1C of the set-point, as verified using thermochron
DS1922 i-buttons (Dallas Semiconductor Corporation, Texas,
USA).
2.3. Thermal analysis
Thermal analysis was conducted using a Mettler DSC820
(Mettler, UK) differential scanning calorimeter (DSC) cooled by a
mechanical intra-cooler operating at 60 1C (Thermo Haake, EK
90/MT, Germany). A standard protocol cooling from 25 to 5 1C at
10 1C min1, then to 30 1C at 0.5 1C min1 was used for all
determinations unless otherwise stated. Groups of 10 aphids
(R. padi and M. ascalonicus) were placed in 100 mL aluminium pans
to obtain mean SCPs. The relatively large SCP exotherms were
spread over a wide temperature range (5.6 to 29.8 1C) making
it straightforward to determine the freeze onset of individual
aphids even when 10 were enclosed in one pan. This was not the
case for the PFE, which is an order of magnitude smaller and
occurs over a much narrow temperature range (8.2 to 13.8),
making it necessary to analyse a few aphids of each species
individually in order to be able to characterise the thermal event.
These samples were cooled at 1 1C rather than 0.5 1C min1.
Fig. 1. Collection sites on Marion Island and location of Marion Island.
Table 1
Sample medians with bootstrap standard errors.
Species Variable Treatment n Median (SE)
M. ascalonicus SCP FF 163 16.00 (0.83)
0 40 18.75 (1.48)
5 40 14.90 (1.20)
10 40 13.10 (0.45)
PFE FF 9 12.50 (0.67)
0 7 11.95 (0.62)
R. padi SCP FF 63 26.80 (0.34)
0 71 27.30 (0.22)
10 40 27.55 (0.40)
15 40 27.15 (0.39)
PFE FF 9 13.80 (0.48)
M. euphorbiae SCP FF 17 19.00 (3.96)
M.R. Worland et al. / Journal of Thermal Biology 35 (2010) 255–262 257As M. euphorbiae was comparatively rare, they were always
analysed individually when they were found. The SCP was taken
as the onset of the large exotherm produced by the latent heat of
freezing of the animal’s body fluids. Thermograms were analysed
using Mettler Tolledo Stare software, which enabled the peak
onset and integral to be calculated. SCPs and PFEs were measured
for freshly collected specimens (Field Fresh¼FF) and samples
acclimated at specific temperatures for 10 days (see Table 1 for
details). A few specimens of each species were analysed in the
DSC a second time immediately after the first measurement
to identify non-reversible thermal events. When an insect is
repeatedly frozen, thawed and re-frozen, the animal’s body water
would be expected to freeze at about the same temperature each
time (Worland, 2005) whereas some other thermal events are
non-reversible and so are not seen in subsequent treatments
(Knight and Bale, 1986).2.4. Lower lethal temperature (LLT)
For each species, except M. euphorbiae, which was too rare to
be investigated, six Eppendorf tubes each containing 10 aphids
were placed in holes in a temperature controlled metal block in
which they were cooled from 5 1C to the survival test temperature
at 0.5 1C min1 and held at this temperature for 1 h. They were
then warmed to 5 1C at the same rate. The block was cooled by
Peltier modules and the temperature controlled using a program-mable electronic system (Central Electronics Services, Stellen-
bosch University). Control aphids were treated in a similar way
but held at a constant 5 1C for 1 h using the same apparatus.
Aphids were assessed for survival immediately after treatment
and after allowing a 24 h recovery period in an incubator at 5 1C.
The lower lethal temperature was also measured for
M. ascalonicus after acclimation at 0, 5 or 10 1C for 10 days. The
limited period of time for the study on Marion Island did not
permit the measurement of the lower lethal temperature of other
species after acclimation.2.5. Statistical analysis
One of the aims of this study was to investigate the likelihood
of either the SCP or the PFE being responsible for the death of
aphids at sub-zero temperatures. To meet this aim the statistical
analysis compares the median temperature of death (LT50) with
the medians of the distributions of supercooling points (SCPs) and
pre-freezing events (PFEs). To assess differences between LT50 and
SCP/PFE, standard errors of the medians had to be calculated. This
was achieved by bootstrapping, which involves re-sampling the
data to generate a large number (5000) of the so-called bootstrap
samples (Manly, 1997). For each bootstrap sample the median is
calculated and a bootstrap standard error estimated from the
standard deviation of the bootstrap values. The standard error of
the observed median is the standard deviation of the bootstrap
values, which is larger than the estimate for a Normal distribution
(GenStat, 12th ed.).
Values of LT50 were estimated using probit analysis (Minitab
release 15.1) and goodness-of-fit tested using two tests (Pearson
and Deviance). Differences between the LT50 and the median
values of SCPs and PFEs were then tested using a z-test. The





Significance levels (two-tailed) for z are obtained from the
Normal probability distribution.
As death could be due to either a high SCP or a PFE the more
appropriate comparison is between the LT50 with the higher of
SCP and PFE termed as Tmax. However, the occurrence of SCPs at a
higher temperature than the PFE was unusual (3 out of 25) and
had only a very slight effect compared with taking the PFE as the
highest event (see results for details).
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3.1. SCPs and PFEs
Pre-freeze events (PFEs) were observed for all three species.
M. ascalonicus and R. padi exotherms each consisted of a single peak
whereas the M. euphorbiae PFE consisted of three slightly over-
lapping peaks (see figures 2, 3 and 4 for example thermograms). The
majority of pre-freeze exotherms occurred at a higher temperature
than the much larger exotherm produced by the bulk of the insect’s
body water freezing (SCP). However, there were a few examples
where the SCP was produced at a higher or at the same temperature
as the PFE (Fig. 3) making the term ‘‘pre-freeze’’ rather misleading.
Examples of thermograms for each species are provided in Fig. 2
showing the range over which both the PFEs and SCPs occurred. In
general, the PFEs occurred over a much narrower range than the
SCPs (8.2 to 13.8 and 5.6 to 29.8 1C, respectively, for field
fresh M. ascalonicus). The range of SCPs for M. ascalonicus is much
greater than that of R. padi and the SCPs of the former species show aFig. 2. Example thermograms for aphids cooled from 5 to 30 1C at 1 1C min1. PFEs a
the animal’s body fluids. The PFE produced by M. euphorbiae is made up of 3 small ov
Fig. 3. An example thermogram showing the SCbimodal distribution (Fig. 5). When an aphid was re-frozen after
thawing the PFE was only seen in the initial thermogram whereas
the SCP occurred in subsequent refreezing of the same sample
(Fig. 4). The SCP reoccurred at a similar temperature each time the
sample was frozen. The integral of the melt endotherms was similar
in value for both the first and second evaluations indicating that the
PFE did not ‘‘relax’’ under these conditions.
Table 1 shows a summary of the sample SCP and PFE medians
and bootstrap standard errors for field fresh (FF) and acclimated
aphids. The sample size for SCPs is much larger than that for PFEs
because it was possible to analyse ten aphids at a time whereas
the PFEs could only be analysed for individuals. Increased
acclimation temperature resulted in increased SCP values for
M. ascalonicus with field fresh samples having a median SCP
between those of samples acclimated at 0 and 5 1C, which is in the
range of late summer field temperatures (see Fig. 6 for field
temperatures). R. padi SCPs were lower than those of M. ascalonicus
and showed little change with acclimation temperature. SCPs for
field fresh M. euphorbiae were similar to those of M. ascalonicus.re the small peaks followed by the much larger exotherm produced by freezing of
erlapping peaks whereas M. ascalonicus and R. padi produce only one peak.
P occurring before the PFE in M. ascalonicus.
Fig. 4. Thermograms showing the effect of refreezing the same sample (M. euphorbiae). The upper trace shows the first time the sample was frozen with the PFE amplified
50 times compared with the SCP. The lower trace is the same sample refrozen under the same conditions. The SCP occurred at a similar temperature but there was no PFE.
Fig. 5. Supercooling point distributions for field fresh M. ascalonicus and R. padi
collected on Marion Island.
Fig. 6. Monthly mean and minimum temperatures recorded during 2008 at 100
metres above sea level on Marion Island using i-button data loggers (Thermo-
chron, DS1922L, Dallas Semi-conductors, USA, 0.5 1C resolution).
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Probit analysis was used to calculate the LT50 values for freshly
collected aphids and, in the case of M. ascalonicus, after
acclimation at different temperatures (Fig. 7). Table 2 shows
details of two goodness-of-fit tests for the survival data. Fittedcurves for field fresh M. ascalonicus and R. padi are shown
in Fig. 8a and b. There is no statistical significant lack-of-fit for
either Pearson (P¼0.29) or Deviance (P¼0.18) for field fresh
M. ascalonicus. For R. padi there is a significant lack-of-fit with
both Pearson (P¼0.026) and Deviance (P¼0.011), although visual
examination of Fig. 8b shows that the probit curve provides a
reasonable fit with no obvious systematic lack-of-fit.
Table 2
Probit analysis relating survival to temperature.
Species Treatment LT50 (SE) Pearson (P)
a Deviance (P)a df
M. ascalonicus FF (control) 9.81 (0.13) 15.22 (0.29) 17.56 (0. 18) 13
0 10.53 (0.07) 16.26 (0.09) 13.98 (0.17) 10
5 10.28 (0.07) 3.98 (0.68) 4.97 (0.55) 6
10 9.37 (0.11) 18.84 (0.002) 20.50 (0.001) 5
R. padi FF 9.69 (0.21) 24.62 (0.026) 27.27 (0.011) 13
a Two goodness-of-fit tests (Pearson and Deviance) are given with correspond-
ing values of chi-square statistic, and the degrees of freedom (df) and associated
P-value in brackets.
Fig. 8. Survival curves showing goodness-of-fit for field fresh aphids: (a) M.
ascalonicus and (b) R. padi. Experimental data points (K); fitted curve (’).
Table 3
Relationship between SCP, PFE and LT50.
Species Treatment Comparison of LT50 with: z P
M. ascalonicus FF SCP 7.33 0.001
0 SCP 5.45 0.001
5 SCP 4.51 0.001
10 SCP 8.05 0.001
M. ascalonicus FF PFE 3.93 0.001
0 PFE 2.28 0.05
R. padi FF SCP 43.21 0.001
PFE 6.27 0.001
Fig. 7. Survival curves (probit analysis) for M. ascalonicus after acclimation at
different temperatures.
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between both the SCP and PFE with the LT50 data shown in
Tables 1 and 2. For both M. ascalonicus and R. padi there is strong
evidence that the LT50 is higher than the SCP and although the
difference for the PFE is smaller, it is still significantly different
from zero. An effective illustration of these differences is to plot
the sample cumulative distribution of SCP/PFE, and the survival–
temperature relationship on the same graph (Fig. 9), which shows
how different the SCP curve is to the PFE and survival curves.
In order to take account of the very few cases where the SCP
occurred at a higher temperature than the PFE, the LT50 can be
compared with Tmax which is the highest of the SCP and the PFE
for any thermogram. For M. ascalonicus this gives a new median
value of 12.28 1C, which is only slightly higher than the median
value of the PFE for field fresh samples in the earlier analysis, i.e.
12.50 1C. Application of the bootstrap method to estimate the
standard error of the median of Tmax using data pooled over
treatments gives a bootstrap standard error equal to 0.267.
Comparing LT50 with median Tmax gives a z-value of 8.05
(P¼o0.001). In other words the LT50 is significantly higher than
the median of the maximum SCP and PFE.4. Discussion
The survival and proliferation of aphids is of particular interest
because of the devastating effect they can have on crops.
Forecasting the abundance of aphids is based on the relationship
between the severity of winter conditions and their ability to
survive sub-zero temperatures (Bale, 2002). A full understandingof the lower lethal temperature of insects is fundamental for such
predictions and knowing what actually causes them to die will
help provide better management and control. Knowing the upper
and lower temperature thresholds also helps to anticipate the
geographical range over which a particular species may spread
and become established (Hazell et al., 2010a, b). In an era of
climate change the survival, establishment and consequential
effect of invasive species on local flora and fauna are of particular
interest in sub-Antarctic regions that are particularly affected by
global warming (Frenot et al., 2005).
Fig. 9. Cumulative distribution of SCPs (&), PFEs (o), survival (D), and the
calculated survival curve (K) (probit analysis) for field fresh M. ascalonicus in
relation to temperature.
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parthenogenetic generations and one sexual generation. More
severe climates tend to select for sexual reproduction resulting in
a decrease in obligate parthenogenesis towards extreme latitudes
(Vorburger, 2004). However, on Marion Island, where there are no
primary host plants (trees), all three species reproduce by obligate
parthenogenesis (Crafford et al., 1986). On Gough Island, R. padi is
restricted to overwintering on herbaceous material in frost-free
coastal and lowland areas (Jones et al., 2003). Similar observations
have been made on the French sub-Antarctic islands where aphid
colonies are mostly found at a short distance from the coast and
generally within the first 100 m a.s.l, with no aphids above 250 m
(Hullé et al., 2003).
Chill-susceptible insects are killed by physiological mechan-
isms induced by low temperature but with effect above the SCP.
In some species death may occur at a specific sub-zero
temperature while others are killed by the accumulative effect
of long periods at a low temperature (Koštál et al., 2004). In either
case cold hardening in response to reduced environmental
temperature can increase the insects’ tolerance to low tempera-
ture (Powell and Bale, 2004, 2005). Laboratory studies have
shown that aphids reared for three generations at 10 1C have a
reduced LT50 (adults, 13.5 1C) compared with those reared at
20 1C (9.5 1C) (Powell and Bale, 2005). Some species of aphids
(e.g. S. avenae) are also capable of rapid cold hardening resulting
in extended survival at critical low temperatures (12 1C)
(Clough et al., 1990). It might therefore be expected that aphids
established on a sub-Antarctic island would also have increased
cold-tolerance compared to their temperate counterparts. How-
ever this does not appear to be the case as the LT50 for field fresh
specimens of M. ascalonicus and R. padi were 9.81 and 9.69 1C,
respectively. The SCP of S. avenae in the UK has been shown to be
about 24 1C (Knight and Bale, 1986), which falls between
M. ascalonicus and M. euphorbiae at 16 and 19 1C and R. padi at
26 1C (field fresh adults). In a study by Powell and Bale (2004),
S. avenae died after exposure to temperatures below 9 1C, which
is similar to the LT50 for M. ascalonicus and R. padi in this study.
These data suggest that aphids established on sub-Antarctic
Marion Island are no more cold-hardy than those inhabiting
temperate regions. The wide range of SCPs recorded for
M. ascalonicus is unusual for an aphid species and the occurrence
of aphid SCPs as high as 5.6 1C is extremely unusual (J.S. Bale,
pers. com.). Aphids feed on phloem sap, a nucleator-free diet, andso it is difficult to speculate why individuals should freeze at such
a high temperature. The bimodal distribution of SCPs suggests
that a proportion of the population is affected by active ice
nucleators which could be internal or on the surface of the
aphid. This unusual observation is worthy of further investigation.
As the lower lethal temperature of M. ascalonicus and R. padi is
significantly higher than the SCP, death must be due to something
other than freezing of body fluids. Comparing the median SCP and
PFE with the LT50 for both M. ascalonicus and R. padi in this study
provides evidence that the PFE is more likely to be responsible for
death than the SCP in both species although statistically some
aphids die even before the PFE.4.1. Possible causes of the PFE
Unlike the SCP, the PFE is non-reversible. Therefore it is not a
freezing event but more likely a non-reversible change in state or
structure such as damage to a protein. Thermotropic membrane
phase transitions at low temperatures can cause cells to become
‘‘leaky’’ by widening membrane pores (Byrne and Chapman,
1964). This results in loss of endogenous constituents such as ATP,
amino acids and small molecular weight compounds (Strange and
Dark, 1962). Pullin and Bale (1988) investigated the effect of
cooling below the PFE on leakage of ions from cells and ATP levels.
Observation of aphids after cooling confirmed that mortality is
not immediate and some degree of recovery can occur after
several hours but those which are not capable of coordinated
walking after 4 h are unlikely to recover. ATP levels were
maintained and temporarily increased for up to 48 h after cooling.
This suggested that catabolic pathways were intact but that
the insects may not have been capable of utilising the energy
produced. Ion leakage only increased 72 h after treatment,
and was probably due to cell death rather than the cause of it.
The period of uncoordinated movement, which is sometimes seen
after cooling, to below the PFE may be indicative of neurophy-
siological damage or disruption of the metabolic pathways.
Cold injury to the intercellular prokaryotic symbiont found in
specialized cells in aphids is another possible source of the PFE.
Aphids are highly dependent on their symbionts which aid
nutrition as the phloem sap on which they feed is nutritionally
poor. Parish and Bale (1991) found these symbionts to be
increasingly damaged as temperature reduced. Such an event
provides an alternative explanation as to why aphids do not
always die immediately after being cooled below the PFE but
sometimes show movement for up to 24 h later.
Phase transitions of lipids can also produce similar peaks to
the PFE exotherm seen in aphids. As the transition temperature is
dependent on the degree of unsaturation, multiple peaks can be
seen where different compartmentalised lipids occur. Insects
living at low temperatures are thought to have a mechanism for
rapidly increasing the degree of unsaturation in fatty acid chains
enabling them to maintain homeoviscosity (Overgaard et al.,
2005; Koštál, 2010; Lee and Denlinger, 2010; Van Dooremalen
and Ellers, 2010). However, such transitions are normally
reversible. As the PFE in aphids only occurs during the first freeze
and no specific melt event is seen, it is unlikely to be due to a lipid
phase transition unless perhaps the lipid has become dispersed or
modified during the thermal event.
In conclusion, the narrow temperature range over which the
PFE occurs suggests that it may be due to a physical or molecular
change, e.g. a protein deactivation. The exotherm is seen in all
stages of aphids, therefore it cannot be attributed to eggs or
unborn young enclosed within the animal’s body. As the LT50
is statistically higher than the PFE it is not possible to say
conclusively that this thermal event is directly responsible for
M.R. Worland et al. / Journal of Thermal Biology 35 (2010) 255–262262death. It is more likely that it signifies a change which disrupts
normal cell processes, which can in some cases be repaired.
It is perhaps surprising that similar thermal events have not
been found in other insects. This may be because the relatively
small pre-freeze thermal exotherm can only be detected using
sensitive thermal analysis instrumentation. However, despite
using this technique to study the cold-tolerance mechanisms of
many different arthropods, we are not aware of other examples.
This suggests that the exotherm is specific to aphids. Finally, as
the exotherm is now known to occur occasionally at the same
temperature or even lower than the SCP, the term ‘‘pre-freeze
thermal event’’ could be misleading.Acknowledgements
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